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Abstract
Motivated by the possibility of the formation of CP-odd domains in heavy ion collisions, we
investigate the effects of CP violation on the chiral transition within the linear sigma model
with two flavors of quarks. We also study how the CP-odd system is affected by the presence
of a strong magnetic field, that is presumably generated in a non-central heavy ion collision.
We find that both ingredients play an important role, influencing drastically the nature of the
phase transition and the critical temperature.
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1. Introduction
In Quantum Chromodinamics (QCD), non-trivial gauge field configurations produce
a term in the Lagrangean that violates the CP symmetry. So far experiments have not
detected this symmetry breaking, indicating that the overall coefficient of this term, if
nonvanishing, has a very small magnitude. It is known that the CP symmetry can not
be spontaneously broken in the vacuum of QCD [2]. However, this statement is not valid
for thermal QCD [3]. In this vein, Kharzeev, Pisarski and Tytgat [1] proposed ten years
ago that, during the chiral phase transition, the high temperature matter produced in a
heavy ion collision might reach a metastable state. This state could be described by taking
into account the topological term mentioned above, and would decay via processes that
violate CP. This scenario was explored in detail in Refs. [4,5]. Later, suitable experimental
measurements [6] and observables [7] were proposed. The experimental signatures are
based on a mechanism of charge separation after a heavy ion collision. To observe the
effect, it is essential that the collisions are non-central, in order to generate a strong
magnetic field that is responsible for the current that will result in charge separation
at the end. Estimates of the magnitude of the magnetic field generated in heavy ion
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collisions at RHIC and the LHC indicate that they are strong enough to provide the
necessary conditions for the effect to be measurable [4].
In this work we study how the ingredients mentioned above affect the thermally-
induced chiral transition in QCD. We investigate the influence of CP violation and a
strong magnetic field on a system described by an effective theory containing quarks and
mesons as degrees of freedom. For this purpose, we first analyze how the chiral transition
is modified by the presence of a topological term that mimics the action of non-trivial
gauge field configurations, responsible for the existence of the CP-odd term in the action.
Afterwards, we study the changes brought about by the presence of a strong magnetic
background. As an effective theory, we adopt the linear sigma model (LSM), defined by
the following Lagrangean:
L= 1
2
Tr(∂µφ
†∂µφ) +
a
2
Tr(φ†φ)− λ1
4
[Tr(φ†φ)]2 − λ2
4
Tr[(φ†φ)2]
+
c
2
[eiθdet(φ) + e−iθdet(φ†)] + Tr[h(φ+ φ†)] , (1)
where φ = 1√
2
(σ+ iη)+ 1√
2
(~α+ i~π) ·~τ . Here, CP violation is encoded in the determinant
term, known as the ’t Hooft determinant term, whose magnitude is quantified by the
parameter θ. In our treatment, quarks constitute a thermalized fluid that provides a
background in which the long-wavelength field of the chiral condensate evolves. In this
context, free quarks are absent at zero temperature, becoming relevant degrees of freedom
only at finite temperature, where we include quark thermal fluctuations to one loop. We
couple mesons to quarks via a Yukawa coupling, and the Lagrangean, including quarks,
becomes:
L= 1
2
(∂µσ)
2 +
1
2
(∂µ~π)
2 +
1
2
(∂µη)
2 +
1
2
(∂µ~α0)
2 − V (σ, η, ~π, ~α0)
+ψ¯(iγµ∂µ)ψ − gψ¯(−iγ5~τ · ~π + σ)ψ − gψ¯(γ5~τ · ~α0 − iγ5η)ψ , (2)
where V is the mesonic self-interaction potential that can be easily extracted from (1).
In a mean field analysis, we take σ = 〈σ〉 + σ′ and η = 〈η〉 + η′, and assume that the
remaining condensates vanish. The effective mass for the quarks is obtained from the
Yukawa coupling within this approximation, yielding M = g
√
〈σ〉2 + 〈η〉2.
The potential is composed by a classical piece of the form
Vcl =
(−a− c cos θ
2
)
〈σ〉2 −H〈σ〉+ c sin θ〈σ〉〈η〉
+
(−a+ c cos θ
2
)
〈η〉2 + 1
4
(
λ1 +
λ2
2
)
(〈σ〉2 + 〈η〉2)2 (3)
where H =
√
2h, and fluctuations. The parameters in the lagrangian are fixed to repro-
duce meson masses and the pion decay constant in the vacuum.
Including thermal corrections, we compute the effective potential as a function of 〈σ〉,
〈η〉, θ, and the temperature T . For θ = 0, one recovers the expected behavior of the usual
LSM. Keeping the temperature at zero and varying θ, the minima of the effective potential
rotate, though the local minimum never becomes the global minimum. Although a large
value for the parameter θ in an effective model for QCD in the vacuum is not realistic, it
illustrates some important features of the dependence of the effective potential on θ. For
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Fig. 1. Value of the condensates as functions of the temperature.
θ = π, a theoretically relevant case [16], the minima are almost along the η axis (never
reaching the axis because of the explicit symmetry breaking built in our model).
As we increase the temperature, both condensates tend to melt. The η condensate van-
ishes before, so that we find three different phases: one with σ and η nonzero condensates,
another with only the η condensate, and finally one where both condensates vanish. In
Fig. 1 one can see the condensates dropping to zero as the temperature is increased for
different values of θ. We can identify the expected crossover for σ in this case, whereas
for η we find a first-order transition as one approaches θ = π.
To investigate how this situation is modified by the presence of a strong magnetic
background, we follow Ref. [8]. Assuming a constant and homogeneous magnetic field B,
we incorporate its effects by redefining the dispersion relations:
p2
0n = p
2
z +m
2 + (2n+ 1)|q|B , p2
0n = p
2
z +m
2 + (2n+ 1− σ)|q|B , (4)
for scalars and fermions, respectively, n being an integer, q the electric charge, and σ
the sign of the spin. In our effective model, the vacuum contribution to the potential
will be modified by the magnetic field through the coupling of the field to charged pions.
For the thermal corrections, initially provided by pions and quarks, only part of the
quark contribution is not exponentially suppressed. For the explicit expressions of these
quantities see Ref. [8].
Plots of the full effective potential, including effects from the magnetic field, are shown
in Fig. 2, which illustrates how dramatic the modifications in the behavior of the phase
transition are, as expected from the results of [8]. Increasing the magnitude of the
field brings two main consequences: the nature of the phase transition is turned from
a crossover to a first-order phase transition, and the critical temperature changes. In
Fig. 2, we plot the effective potential for different magnitudes of the field B and same
temperature, T = 120 MeV. In (a) we plot the potential for θ = 0 in the σ direction, and
we can clearly see that the phase transition turns from a crossover to a first-order transi-
tion. The critical temperature is initially enlarged by the presence of the field but, from
a critical value on, it starts to drop. For θ = π, and in the η direction, the presence of the
field makes the first-order transition weaker. However, increasing the field the strength
of the first-order transition is also increased.
CP violation and the presence of a strong magnetic background affect considerably
the physical picture of the chiral phase transition. Qualitative changes in the nature
of the phase transition and quantitative modifications of the critical temperature have
large influence on the dynamics of the system, especially on the relevant time scales. The
dependence of the condensates on θ and T is clearly non-trivial and must be explored on
detail. Results in this direction will be presented soon [17].
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Fig. 2. Effective potential for different values of the magnetic field B. a) θ = 0 in the σ direction b)
θ = pi in the η direction.
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